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Abstract 
Three single-layer tetragonal silicon carbides (SiC), termed as T1,T2 and T3, are proposed 
by density functional theory (DFT) computations. Although the three structures have the same 
topological geometry, they show versatile electronic properties from semiconductor (T1), semimetal 
(T2) to metal (T3).The versatile properties are originated from the rich bonds between Si and C 
atoms. The nanoribbons of the three SiCalso show interesting electronic properties. Especially, T1 
nanoribbons possess exotic edge states, where electrons only distribute on one edge's silicon or 
carbon atoms. The band gaps of the T1 nanoribbons are constant because of no interaction between 
the edge states.  
 
 
 
 
  
Introduction 
The discovery of graphene and itsuniquephysical properties stimulated lots of interest to the 
fieldsof two-dimensional (2D) nanostructures.
1-4
Vast2Dnanosheets have been proposed based on 
variouschemical elements or compounds, in whichsilicene,
5, 6
 MoS2,
7, 8
germanane,
9, 10
 etc. 
aresynthesized successfully and new physical propertiesare found in them.
9, 11, 12
 This further 
promotesthe explorations of new 2D nanomaterials. 
Although carbon and siliconboth lie in thefourth column of the periodic table, their 2D 
nanosheets are different because of their completely different bonding characteristics. Silicene is a 
buckle structure while graphene is a perfect plane.
1, 5
 Therefore, it is interesting to study what will 
happen in the 2D nanosheet consisting of carbon and silicone compound.In the previous studies,  
some 2D silicon-carbon compounds including hexagonal rings have been proposed, such as 
hexagonalSiC,
13, 14
g-SiC2,
15
 pt-SiC2,
16
SiC3,
17
 etc.These new structuresshowinterestingproperties 
such aslarge direct bandgap, improved photoluminescence, and highpower conversion efficiency.  
Recently, 2D structures consisting of rectangular rings have drawn much attention gradually. 
Liu et al.
18
proposed a T-graphene, a 2D tetra-symmetrical carbon sheet, and studied the electronic 
properties further. They found that the buckled T-graphene possesses a Dirac point while the planar 
structure is a metal. Li et al.
19
 studied a 2D MoS2 system with the repeated square-octagon rings and 
they found that the new MoS2allotrope possess both massless Dirac and heavy fermions near the 
Fermi surface. These studies indicate that the 2Dtetra-symmetrical sheets havetheir own unique 
physical properties. To the best of our knowledge, 2D silicon carbides consisting of rectangular 
rings have never been studied up to date and thus it is nature to ask whatnew electronic properties 
do the 2D tetragonalSiChave. 
  
In this paper, we proposethree 2DtetragonalSiCsheets,termed as T1, T2 and T3, as shown in 
Fig. 1. The cohesive energies and phonon dispersions of these 2Dsheets indicate that they are meta-
stable SiCallotropes. Although the three structures have the same topological geometry, they exhibit 
completely different electronic properties,varying from metal to semimetal with Dirac cone and 
then to semiconductor. T1 consisting of Si-C bonds is a semiconductor. T2 and T3 consist of three 
kinds of bonds, i.e., Si-C, C-C and Si-Si. The former is a semimetal because of its two (Si and C) 
rectangular sublattices, while the later is a metal because of the C-C and Si-Si dimers between the 
rectangular rings. The electronic properties of nanoribbons of the 2D structures are also studied. We 
find that the band gaps of T1 nanoribbons are constant, and in these ribbons there exist exotic edge 
states whereelectrons only distribute on the (Si or C) edge atoms of one side.  
Models and Methods 
The three 2DtetragonalSiCs, named as T1, T2 and T3, are shown in Figs. 1(a-c), 
respectively.All structures have the same topological geometry consisting of four-membered 
rings.The ratios of C and Si atoms are 1:1. Thefour-membered rings inT1 and T3have two C atoms 
and two Si atoms, while those in T2 are pure carbon rings or silicone rings.T1only consists of Si-C 
bonds while T2 and T3 consist of three kinds of bonds, C-C, Si-Si and Si-C. These tetragonal 2D 
SiCspossibly can be synthesized experimentally by using bottom-up method because of existing of 
C, Si and SiC four-membered moleculessuch as the C4H4,Si2C2, Si4, (Si4H4)
2-
, etc.
20-24
 
The corresponding calculations were employing theVienna ab initio simulation package 
(VASP).
25
The interaction between ions and electrons is described by the projector-augmented wave 
(PAW) method as the plane-wave basis set with an energy cutoff of 450eV is used.
26
The PBE 
functional constructed by Perdew, Burke, and Ernzerhof are used to calculate the exchange-
correlation energy.
27
The brillouin zone (BZ) is sampled with a 10×10×1 Monkhorst-Pack special k-
  
point grid including the Г point. A vacuum region of 10 Å is added to the crystal plane to ensure 
that the wave functions vanish smoothly at the edge of the cell as an isolated system that would be 
required. The convergence criterion of the self-consistency process is set to 10
-8
eV between two 
ionic steps to calculate the phonon dispersion. The performed phonon calculations were using the 
Phonopy package
28
 with the forces calculated by the VASP code. 
Results and Discussion 
After geometryoptimized, the unit cells of the three single-layer SiCs in Fig. 1 maintain 
tetragonal form, but some differences among them are also exhibited. The detailedstructural 
parameters are given in Table 1. T1 and T2 are still planarstructures, while T3 becomes a buckled 
structure with the distance d≈0.48Å. The rectangular rings in T2 are still perfect, while those in T1 
and T3 have a little distortion.The bond lengths of Si-C, C-C and Si-Si are also different in the three 
structures. 
We first discuss the stability of the three 2D SiCs. The cohesive energies of T1, T2 and T3 are 
-6.77, -6.54 and -6.47 eV/atom, respectively, which are higher than that of the hexagonal 2D SiC (-
7.03 eV/atom). On the other hand, we calculatethe phonon dispersions of the three structures, as 
shown in Figs. 2(a-c). One can find that there is no soft mode in the whole BZ, indicating the 
thermodynamic stability of the three structures. Therefore, T1, T2 and T3 are three new metastable 
SiC structures.  
On the other hand, we calculatethe phonon dispersions of the three structures, as shown 
inFigs.2(a-c). One can find that there is no soft mode in the whole BZ, indicating the 
thermodynamic stability of the three structures. Therefore, T1, T2 and T3 are three new metastable 
SiC structures.  
  
Figures 3(a-c) show the band structures and partial density of states (PDOS) of T1, T2 and T3, 
respectively.It is found that the three structures exhibit versatile electronic properties from 
semiconductor, semimetal to metal. T1 is a direct band-gap semiconductor with a gap 2.26eV [see 
Fig. 3(a)]. Boththe valence band maximum (VBM) and conduction bandminimum (CBM) are 
located between the K pathsΓ-X or Γ-M.ThePDOSin right panel of Fig.3(a) indicates that the band 
edge state around VBM is dominated by pzorbital of C atoms,while that around CBM is dominated 
by pzorbital of silicone atoms.To further exhibit the electronic properties of T1, we calculate the 
charge densities of the states at VBM and CBM as shown in Fig. 3(d). One can find that the band 
edge states are both induced by strong polar covalent bonds. The VBM is related to the polar 
covalentbond where electrons mainly distribute around the carbon atoms, while electrons at CBM 
mainly distribute around the silicon atoms. The existing of polar double bonds between the four-
membered ringsis the reason why T1 is a semiconductor, like the case of single layer hexagonal 
SiC.
16, 29
 
The band structure of T2in Fig.3(b) indicates that it is a semimetal like graphene, in which a 
Dirac point appears near the K point X.Our calculation indicates that the Fermi velocity around the 
Dirac point is about 10
5
 m/s close to that of graphene.The zero PDOS at the Fermi level further 
demonstrate the semimetallic property of T2. Similar to the case of T1, the bonds between the four-
membered ringsare polar double bonds.Electrons around the Fermi level are localized on C atomsor 
Si atoms[see Fig. 3(e)]. However, T2 is a semimetal rather than semiconductor because the 
rectangular C ring and silicon ring form two sublattices.The polar double bonds are somewhat 
similar to the π and π* bonds in the graphene, and thusinduce two crossing bands at the Fermi level, 
i.e. forming the Dirac point. 
  
T3 is a metal, as seen from Fig. 3(c) where several bands cross the Fermi level. The PDOS 
profile shows that the Fermi level and around are dominated by pzorbitals of carbon and silicon. We 
present the charge densities of two states at the Fermi level, as shown inFig. 3(f). One can find that 
the bonds in T3 are completely different from those in T1 and T2 because of T3's buckling structure. 
In the left panel of Fig. 3(f), there are σ bonds between silicon dimers and banana σ bonds between 
atoms silicon and carbon. A conducting network formed by these bonds leads to T3's metallic 
character. In the right panel of Fig. 3(f), big π bonds are observed between the carbon dimer and 
silicon atom, which also forms a conducting work. Additionally, it is noted that in many cases 
silicon or carbon dimers will result in metallic characterof SiC structures, such as single layer SiC2 
and reconstructed SiC surface.
16, 30-32
 
Due to the versatile electronic properties of the three SiCs, it is interesting to explore the 
properties of their nanoribbons. The configurations fornanoribbonsofT1, T2 and T3 are shown in 
Fig. 4.Figures 4(a-c) represented the armchair nanoribbonsof T1, T2 and T3, while Figs. 4(d-f) 
represented their zigzag nanoribbons, respectively. The danglingbonds atthe edges are saturated 
byhydrogen atoms.The relation between the bandgap of these ribbons and their width is shown in 
Fig.5(a). The band gaps of T2 armchair nanoribbonsexhibit remarkableoscillating behaviorwiththe 
width increasing, while band gaps of T2 zigzag nanoribbons quickly converge to zero. 
Theoscillating behavior is similar to the case in the nanoribbons ofplanar C4 carbon sheet.
18, 33
 The 
nanoribbons with zero band gap are Dirac materials, indicating theyinherit the Dirac point from 2D 
sheet.For the T3 structure, nearly all nanoribbons are metal because of the metallic properties of 2D 
structure.This is similar to the pt-SiC2 and planar T-graphenewhose 2D sheets and nanoribbonsare 
metallic.
16, 18
 
Electronic properties of T1 nanoribbons are completely different from those of T2 and T3 
nanoribbons [see Fig. 5(a)]. The band gaps of T1 nanoribbons are constant except small changes 
  
induced by quantum size effect at very narrow width.Theband gap of zigzag nanoribbonsis about 
2.0eVwhile that of the armchair nanoribbonsis about 1.6eV. Figure5(b) displays the band structure 
of armchair nanoribbon with width N1a=8. It is found that the valence and conduction bands closest 
the Fermi level are all flat bands. The charge densities in the insets of Fig. 5(b) illustrate that the 
electrons in the flat conduction bands are mainly localized on the carbon atoms of upper edge, while 
those in the flat valence bands are mainly localized on the silicon atoms of bottom edge. This 
demonstrates that the two edge states are related to the flat bands, which are different from the edge 
states in the graphene whose edge states are related to the Dirac cone.
34
For the widernanoribbons, 
the interactionsbetween the two edge states disappear, and thus the flat bands do not shift with the 
increase of width. The band gaps of nanoribbons are determined by the flat bands, so the band gap 
does not change with the width. The same case occurs in the zigzag nanoribbons (see Fig. 5(c)), 
however, the band gap of zigzag nanorbibbons is larger than that of armchair nanoribbons because 
of theanisotropyof T1. 
Conclusion 
In summary, we proposed three single-layer tetragonalSiCs (T1, T2 and T3) and studied their 
electronic properties by using the density functional theory (DFT) computations.The analysis of 
stability indicates that the three structures are meta-stable allotropes of SiC. T1, T2 and T3 have the 
same topological geometry, but their electronic properties are very different. T1 is a direct band-gap 
semiconductor,T2is a semimetal whose band structure has a Dirac cone, while T3 is a metal.The 
versatile properties are originated from the rich bonds between Si and C atoms. The electronic 
properties of nanoribbons of the three 2D sheets are also studied. The results indicatedthe existence 
of exotic edge states related to the flat bands in the T1 nanoribbons.Electrons in these states only 
  
distribute on the silicon or carbon atoms of one edge. The band gaps of the T1 nanoribbons are 
constant because there is no coupling between the edge states in the wider nanoribbons. 
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Table 1 The structural parameters for T1, T2, T3 and hexagonal 2D SiC, respectively.  
Figure 1 Atomic structures for (a) T1, (b) T2, (c) T3, top and bottom panelsare top- and side-view 
structures. Blue and black ballsrepresent Siand C atoms, respectively.T1 and T2 are planarstructures, 
while T3 is a buckled structure with the distance d ≈0.48Å. The angle parameters areα: 85.6°, β: 
94.4°, γ: 92.0°, δ: 88.0°.  
 Figure 2Phonon dispersions of (a) T1, (b) T2 and (c) T3, respectively. 
Figure 3Band structure and PDOS(right panel)for (a) T1, (b) T2 and (c) T3. (d) Partial charge 
densities for the states at VBM (left panel) and CBM (right panel). (e) Partial charge densities for 
the two states at the Dirac point. (f) Partial charge densities for the two states at the Fermi level. 
Left panel corresponds to the point 1 in (c), while right panel corresponds to the point 2 in 
(c),respectively.  
Figure 4 Armchair nanoribbons for (a) T1, (b) T2 and (c) T3. (d), (e) and (f) are zigzag nanoribbons 
for T1, T2 and T3, respectively. Blue and black balls represent Si and C atoms, while the red 
ballsrepresent the hydrogen atoms. N1a/1z, N2a/2zand N3a/3z are widths of T1, T2 and T3 
armchair/zigzag nanoribbons, respectively.  
  
Figure 5 (a) Bandgaps of T1,T2 and T3 nanoribbonsas a function of their widths. (b) Band structure 
of T1armchairnanoribbon with N1a=8.(c)Band structure of T1zigzagnanoribbon with N1z=8.Inset: 
Partial charge densities for the states in the flat bands. 
 
 
Table 1 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 1 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 2 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 3 
 
  
 
 
 
 
Figure 4 
 
 
 
 
 
 
 
 
  
 
 
Figure 5 
  
 
1. A. K. Geim and K. S. Novoselov, Nature Mater, 2007, 6, 183-191. 
2. C. e. N. e. R. Rao, A. e. K. Sood, K. e. S. Subrahmanyam and A. Govindaraj, 
Angew Chem Int Ed, 2009, 48, 7752-7777. 
3. S. Z. Butler, S. M. Hollen, L. Cao, Y. Cui, J. A. Gupta, H. R. Gutiérrez, T. F. 
Heinz, S. S. Hong, J. Huang, A. F. Ismach, E. Johnston-Halperin, M. Kuno, V. V. Plashnitsa, 
R. D. Robinson, R. S. Ruoff, S. Salahuddin, J. Shan, L. Shi, M. G. Spencer, M. Terrones, W. 
Windl and J. E. Goldberger, ACS Nano, 2013, 7, 2898-2926. 
4. A. N. Enyashin and A. L. Ivanovskii, Phys Status Solidi B, 2011, 248, 1879-
1883. 
5. A. Kara, H. Enriquez, A. P. Seitsonen, L. Lew Yan Voon, S. b. Vizzini, B. 
Aufray and H. Oughaddou, Surf Sci Rep, 2012, 67, 1-18. 
6. H. Liu, J. Gao and J. Zhao, J Phys Chem C, 2013, 117, 10353-10359. 
7. R. S. Sundaram, M. Engel, A. Lombardo, R. Krupke, A. C. Ferrari, P. 
Avouris and M. Steiner, Nano Lett, 2013, 13, 1416-1421. 
8. R. Ganatra and Q. Zhang, ACS Nano, 2014, 8, 4074-4099. 
9. Y. Li and Z. Chen, J Phys Chem C, 2013, 118, 1148-1154. 
10. E. Bianco, S. Butler, S. Jiang, O. D. Restrepo, W. Windl and J. E. Goldberger, 
ACS Nano, 2013, 7, 4414-4421. 
11. C. J. Tabert and E. J. Nicol, Phys Rev Lett, 2013, 110, 197402. 
12. D. Y. Qiu, F. H. da Jornada and S. G. Louie, Phys Rev Lett, 2013, 111, 
216805. 
13. S. Lin, J Phys Chem C, 2012, 116, 3951-3955. 
14. X. Lin, S. Lin, Y. Xu, A. A. Hakro, T. Hasan, B. Zhang, B. Yu, J. Luo, E. Li 
and H. Chen, J  Mater  Chem  C, 2013, 1, 2131-2135. 
15. L. Zhou, Y. Zhang and L. Wu, Nano Lett, 2013, 13, 5431-5436. 
16. Y. Li, F. Li, Z. Zhou and Z. Chen, J Am Chem Soc, 2010, 133, 900-908. 
17. Y. Ding and Y. Wang, J Phys Chem C, 2014, 118, 4509-4515. 
18. Y. Liu, G. Wang, Q. Huang, L. Guo and X. Chen, Phys Rev Lett, 2012, 108, 
225505. 
19. W. Li, M. Guo, G. Zhang and Y. Zhang, Phys Rev B, 2014, 89, 205402. 
20. M. Y. Zhang, C. Wesdemiotis, M. Marchetti, P. O. Danis, J. C. Ray Jr, B. K. 
Carpenter and F. W. McLafferty, J Am Chem Soc, 1989, 111, 8341-8346. 
21. Y. Chen, Y. Sun, H. Wang, D. West, Y. Xie, J. Zhong, V. Meunier, M. L. 
Cohen and S. Zhang, Phys Rev Lett, 2014, 113, 085501. 
22. J. Presilla‐Márquez, S. Gay, C. Rittby and W. Graham, J Chem Phys, 1995, 
102, 6354-6361. 
23. C. C. Arnold and D. M. Neumark, J Chem Phys, 1993, 99, 3353-3362. 
24. S. Kim, S. Wang and H. F. Schaefer III, J Phys Chem A, 2011, 115, 5478-
5487. 
25. G. Kresse and J. Furthmüller, Phys Rev B, 1996, 54, 11169. 
26. P. E. Blöchl, Phys Rev B, 1994, 50, 17953. 
27. J. P. Perdew, K. Burke and M. Ernzerhof, Phys Rev Lett, 1996, 77, 3865. 
28. A. Togo, F. Oba and I. Tanaka, Phys Rev B, 2008, 78, 134106. 
29. E. Bekaroglu, M. Topsakal, S. Cahangirov and S. Ciraci, Phys Rev B, 2010, 
81, 075433. 
  
30. M. Sabisch, P. Krüger, A. Mazur, M. Rohlfing and J. Pollmann, Phys Rev B, 
1996, 53, 13121. 
31. V. Y. Aristov, L. Douillard, O. Fauchoux and P. Soukiassian, Phys Rev Lett, 
1997, 79, 3700. 
32. L. Gavioli, M. G. Betti and C. Mariani, Phys Rev Lett, 1996, 77, 3869. 
33. X. Wang, H. Li and J. Wang, Phys Chem Chem Phys, 2012, 14, 11107-11111. 
34. T. Wassmann, A. P. Seitsonen, A. M. Saitta, M. Lazzeri and F. Mauri, Phys 
Rev Lett, 2008, 101, 096402. 
 
 
 
